The Mre11-Rad50-Nbs1 (MRN) complex and the ubiquitin E3 ligase RNF8 play important roles in DNA DSB repair. Results: RNF8 interacts with and ubiquitinates Nbs1 to promote binding of Nbs1 to DSBs and HR-mediated DSB repair. Conclusion: Nbs1 ubiquitination by RNF8 is important for Nbs1 recruitment to DSBs and HR-mediated repair of DSBs. Significance: These studies help to understand how ubiquitination modifications contribute to DSB repair and genome stability maintenance in mammalian cells.
Ubiquitination plays an important role in the DNA damage response. We identified a novel interaction of the E3 ubiquitin ligase RNF8 with Nbs1, a key regulator of DNA double-strand break (DSB) repair. We found that Nbs1 is ubiquitinated both before and after DNA damage and is a direct ubiquitination substrate of RNF8. We also identified key residues on Nbs1 that are ubiquitinated by RNF8. By using laser microirradiation and livecell imaging, we observed that RNF8 and its ubiquitination activity are important for promoting optimal binding of Nbs1 to DSB-containing chromatin. We also demonstrated that RNF8mediated ubiquitination of Nbs1 contributes to the efficient and stable binding of Nbs1 to DSBs and is important for HR-mediated DSB repair. Taken together, these studies suggest that Nbs1 is one important target of RNF8 to regulate DNA DSB repair.
Homologous recombination (HR) 3 and non-homologous end joining (NHEJ) are two major pathways to repair DSBs (1, 2) . HR is error-free, involving extended end resection of the DSB ends to generate single-stranded DNA (ssDNA) and utilizing the homologous sister chromatid as a template (3) . Classical NHEJ is through the Ku-dependent pathway to religate DSB ends, which can be error-prone when DSB ends are not compatible (4) . Microhomology-mediated end joining (MMEJ) is a major type of alternative NHEJ when the Ku-dependent classical NHEJ is deficient. MMEJ involves short processing of the ends and religation of DNA ends at microhomology sequences (5, 6) , and this pathway requires the functions of the Mre11-Rad50-Nbs1 (MRN) complex and CtIP (7) (8) (9) (10) (11) .
Upon formation of DSBs, the MRN complex recognizes the lesions and recruits ATM (ataxia telangiectasia mutated) to DSBs (12) (13) (14) . Activation of ATM leads to phosphorylation of H2AX (␥-H2AX) (15) . MDC1 is recruited to the damage sites by binding to ␥-H2AX through its C-terminal BRCT domain (16) . Subsequently, the E3 ubiquitin ligase RNF8 is recruited to DSBs through interaction of the N-terminal FHA domain of RNF8 with MDC1 at the ATM phosphorylation sites of MDC1 (17) . Meanwhile, Nbs1 is recruited to DSB-flanking regions by MDC1 through binding of the FHA/BRCT domains of Nbs1 with the CK2 phosphorylation sites of MDC1 (18 -23) . Thus, MDC1 serves as a scaffold protein to recruit RNF8 and MRN to DSB-flanking chromatin regions.
Upon DNA damage, ubiquitination occurs at DSB sites, and a number of proteins involved in the ubiquitination process are accumulated at DSBs and play critical roles in mediating DNA damage responses (24, 25) . For instance, BRCA1, a key player of HR-mediated DSB repair, contains an N-terminal RING domain that interacts with BARD1 to form a heterodimeric E3 ubiquitin ligase (26, 27) . The BRCA1-BARD1 complex then interacts with the E2 conjugating enzyme UbcH5C and promotes Lys-6-linked ubiquitin chain formation (28, 29) .
More recent studies demonstrate that RNF8 and its ubiquitination activity play crucial roles in the DNA damage response. RNF8 interacts with Ubc13 and can catalyze Lys-63-linked ubiquitination of H2A and H2AX at DSB sites (30) . RNF8 can also interact with other E2s, including UbcH8 and UbcH5C, for mediating the DNA damage response (31) (32) (33) (34) (35) . Importantly, RNF8 was found to be critical for localizing BRCA1 to DSBs (17, 36 -38) . The ubiquitination activity of RNF8 is required for recruiting RAP80, which contains two ubiquitin interacting motifs, to DSBs (38) . Through formation of the RAP80-ABRA1-BRCA1 complex, BRCA1 is recruited to DSBs (39 -42) . RNF8 is also important for recruiting another ubiquitin E3 ligase, RNF168, and 53BP1 to DSBs (17, 36, 37, 43, 44) . Consistent with its critical roles in mediating the ubiquitination-dependent recruitment of repair factors, RNF8-deficient cells are defective in G 2 /M checkpoint and exhibit sensitivity to ionizing radiation (IR) (17, 36, 37) .
In this study, we demonstrate a novel interaction of RNF8 with MRN. We found that RNF8 directly binds to Nbs1 and ubiquitinates Nbs1. By mass spectrometry analysis, we identified Nbs1 Lys-435 as the key residue ubiquitinated by RNF8. We also showed that RNF8 and RNF8 ubiquitination activity are needed for efficient localization of Nbs1 to DSBs. More specifically, we demonstrated that RNF8-mediated ubiquitination of Nbs1 contributes significantly to Nbs1 localization to DSBs. By using EGFP-based DSB repair substrates, we demonstrated that RNF8 is important for promoting HR while being dispensable for MMEJ. Further analysis revealed that RNF8mediated ubiquitination of Nbs1 is important for promoting DSB repair by HR. These studies reveal a new mechanism underlying the role of RNF8 in mediating DNA damage responses through ubiquitinating Nbs1 and promoting optimal and stable recruitment of MRN to DSBs for DSB repair by HR.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, Retroviral Infection, and RNA Interference-U2OS and 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum in the presence of antibiotics. Sf21 insect cells were cultured in Grace's insect medium (Invitrogen) containing 10% fetal bovine serum. Sf9 insect cells were cultured in Sf-900 II SFM medium (Invitrogen). 293T and U2OS cells were transfected by a calcium chloride method. U2OS cells stably expressing FLAG-tagged RNF8 (wild-type and mutants) and Myctagged Nbs1 (wild-type and mutants), with shRNA-resistant silent mutations, were generated by retroviral infection using pBabepuro vector, followed by puromycin selection.
Silencing of endogenous RNF8, Nbs1, Mre11, MDC1, and H2AX by shRNAs was performed by retroviral infection using the vector pMKO-puro expressing corresponding shRNAs. The shRNA target sequences for Mre11 and Nbs1 were previously described (45) , and the following shRNAs were designed by Dharmacon: for RNF8sh GGACAAUUAUGGACAA-CAAGA; for MDC1sh GUCUCCCAGAAGACAGUGAUU; and for H2AXsh GGGACGAAGCACUUGGUAA. Enhanced blue fluorescence protein (EBFP)-marked shRNAs were generated by replacing the puromycin marker of pMKO-puro with EBFP-puromycin fusion protein (EBFP obtained from Addgene plasmid 14983 (46)), followed by retroviral infection and puromycin selection.
Plasmid Construction-FLAG, Myc, and/or HA tag epitopes were fused with RNF8 (RNF8 cDNA was kindly provided by J. Lukas), Nbs1, Mre11, Rad50, or ubiquitin in pcDNA3 vector. GST-tagged Nbs1 and RNF8 were made in pGEX-6P-1 (GE Healthcare), and EGFP-tagged Nbs1, RNF8, and Mre11 were generated in EGFP-C1 (CLONTECH) or EGFP-pBabepuro. mRFP-tagged Nbs1 (wild-type and mutants) were generated in mRFP-N1. The indicated point mutations for RNF8, Nbs1, and ubiquitin (HA-ubiquitin wild type was kindly provided by P. R. Yew) were generated by site-directed mutagenesis (QuikChange, Stratagene). The indicated RNF8 deletion mutants were generated by PCR amplification and ligation of fragments.
Whole Cell Lysis, Co-immunoprecipitation, Immunofluorescence, and Antibodies-Cells were lysed in NETN (150 mM NaCl, 1 mM EDTA, 20 mM Tris-Cl, pH 8.0, 0.5% Nonidet P-40 (v/v)) containing protease and phosphatase inhibitors (50 mM sodium fluoride, NaF, and 0.1 mM sodium orthovanadate, Na 3 VO 4 ). Cleared cell lysates were then collected for immunoprecipitation and/or subjected to SDS-PAGE as described (47) . Immunostaining and immunofluorescence microscopy analysis were performed as described (47, 48) .
RNF8 polyclonal antibody was generated by immunizing rabbits with GST-fused RNF8 fragment (amino acids 1-324) and affinity-purified. Polyclonal antibodies against Mre11 (D27) and Nbs1 (D29) were described previously (49, 50) . Other antibodies include anti-Rad50 and anti-Myc-9E10 (Novus Biologicals), anti-Ku70 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-FLAG-M2 (Sigma), anti-HA and anti-MDC1 (Sigma), anti-H2AX (Bethyl), and anti-GST and anti-RPA2 (Oncogene).
Protein Purification-Nbs1 and Mre11-Rad50 were expressed in Sf9 insect cell by baculovirus infection and purified as described (51) . Full-length RNF8 was expressed in Sf9 cells and harvested at 48 h after baculoviral infection. The cell pellet was resuspended in NTA Buffer A (20 mM Tris-HCl, pH 7.5, 500 mM KCl, 10% glycerol, 0.1% Triton X-100, 2 mM 2-mercaptoethanol) containing 5 mM imidazole and protease inhibitors. Cleared lysates were prepared by sonication followed by ultracentrifugation at 3,500 ϫ g for 50 min at 4°C. The lysates were loaded onto a nickel-NTA-Sepharose (Qiagen) column and washed with 5 column volumes of NTA buffer A containing 5 mM imidazole, followed by 10 column volumes of NTA buffer A containing 60 mM imidazole. Proteins were sequentially eluted with NTA elution buffer (20 mM Tris-HCl, pH 7.5, 150 mM KCl, 10% glycerol, 0.1% Triton X-100, 2 mM 2-mercaptoethanol, 2 mM dithiothreitol (DTT), 250 mM imidazole, and protease inhibitors).
GST Pull-down Assay-GST-RNF8 proteins were expressed in Sf21 insect cells. The insect cell pellets were lysed with sonication buffer (50 mM Tris-Cl, pH 7.9, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, protein inhibitors). Supernatants from lysates, cleared by centrifugation, were incubated with glutathione-Sepharose beads (Amersham Biosciences) at 4°C, followed by three washes with sonication buffer. For binding experiments, glutathione-Sepharose beads bound to GST or GST-RNF8 were incubated with purified Mre11, Rad50, and Nbs1 proteins for 2 h at 4°C. The beads were washed three times with sonication buffer and then subjected to SDS-PAGE.
In Vivo and in Vitro Ubiquitination Assay-For the in vivo ubiquitination assay, U2OS cells were transfected with HA-tagged ubiquitin (Ub) and Myc-tagged Nbs1. 40 h posttransfection, cells were harvested and lysed in 1% SDS lysis buffer (50 mM Tris-HCl, pH 7.5, 1% SDS) and boiled for 10 min.
Lysates were cleared by centrifugation at 14,000 ϫ g for 10 min. Supernatant was diluted 1:10 with NETN buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, pH 7.5, 0.1% Nonidet P-40) and then immunoprecipitated with mouse anti-Myc antibody (9E10) at 4°C overnight. The beads were washed three times with ice-cold NETN buffer and then subjected to SDS-PAGE.
For the in vitro ubiquitination assay, ubiquitination reactions were conducted at 37°C for 1 h in a total volume of 20 l containing 2 g of HA-tagged ubiquitin, 25 ng of rabbit E1 (Boston Biochem), 0.25 g of UbcH5c (Boston Biochem), 50 ng of RNF8, 1 g of Myc-tagged Nbs1, and ubiquitination buffer (50 mM Tris-HCl, pH7.5, 5 mM MgCl 2 , 2 mM NaF, 5 mM ATP, 0.6 mM DTT, 50 mM KCl). The reactions were stopped by 1ϫ protein loading buffer and then subjected to SDS-PAGE.
Laser Microirradiation and Live-cell Imaging-DSBs were generated in live-cell nuclei by laser-induced microirradiation using a picosecond short-pulsed green laser (a diode-pumped second harmonic 532-nm Nd:YAG laser microbeam with 76-MHz repetition rate, 12-ps pulse duration) coupled to a Zeiss Axiovert microscope for live cell, time lapse image capture (Laboratory of Dr. Michael W. Berns, University of California at San Diego, La Jolla, CA (52)). The average laser power used for DNA cutting was 16 milliwatts (post-objective), and the total energy delivered per focused laser spot was 480 mJ. Fluorescence intensities of the laser microirradiated areas were calculated using ImageJ software (National Institutes of Health), with the cellular background fluorescence intensity subtracted from the laser-induced damage site intensity. Each data point is the average of 10 independent measurements.
DSB Repair Assays and Fluorescence-activated Cell Sorting (FACS) Analysis-EGFP-based DSB repair substrates for HR and MMEJ were previously described (11) . I-SceI was expressed by retroviral infection of HA-I-SceI, and 7 days later, cells were collected for FACS analysis of EGFP-positive events. FACS analysis was performed using a BD Accuri C6 flow cytometer and accompanying data analysis software (BD Biosciences).
Mass Spectrometry Analysis-Nbs1 was first ubiquitinated by the in vitro ubiquitination reactions described above. The ubiquitinated Nbs1 sample was denatured in urea and then reduced and alkylated with tris(2-carboxyethyl)phosphine hydrochloride (Roche Applied Science) and chloroacetamide (Sigma-Aldrich), respectively. The sample was then digested overnight with trypsin (Promega) according to the manufacturer's specifications.
The protein digest was pressure-loaded onto a 250-m inner diameter fused silica capillary (Polymicro Technologies) column with a Kasil frit packed with 3 cm of 5-m C18 resin (Phenomenex). After desalting, the loading column was connected to a 100-m inner diameter fused silica capillary (Polymicro Technologies) analytical column with a 5-m pulled tip, packed with 10 cm of 5-m C18 resin (Phenomenex).
The column was placed in line with an 1100 quaternary HPLC pump (Agilent Technologies), and the eluted peptides were electrosprayed directly into an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific). The buffer solutions used were 5% acetonitrile, 0.1% formic acid (buffer A), 80% acetonitrile, 0.1% formic acid (buffer B); and 500 mM ammonium acetate, 5% acetonitrile, 0.1% formic acid (buffer C). A six-step
MudPIT was run with salt pulses of 0, 20, 40, 70, and 100% buffer C and 90% buffer C, 10% buffer B. The 120-min elution gradient had the following profile: 10% buffer B beginning at 10 min to 45% buffer B at 90 min to 100% buffer B from 100 min to 110 min. A cycle consisted of one full scan mass spectrum (300 -1600 m/z) followed by 20 data-dependent collision-induced dissociation MS/MS spectra. Application of mass spectrometer scan functions and HPLC solvent gradients was controlled by the Xcalibur data system (Thermo Scientific).
MS/MS spectra were extracted using RawXtract (version 1.9.9) (53). MS/MS spectra were searched with the Sequest algorithm (54) against a human IPI database concatenated to a decoy database in which the sequence for each entry in the original database was reversed (55) . The Sequest search was performed using full enzyme specificity, static modification of cysteine due to carboxyamidomethylation (57.02146), and differential modification of lysine due to ubiquitination (114.04296). Sequest search results were assembled and filtered using the DTASelect (version 2.0) algorithm (56) . The peptide identification false positive rate was kept below 1%, and all peptide spectrum matches had less than 10 ppm mass error.
RESULTS
The MRN Complex Interacts with RNF8-Because both Nbs1 and RNF8 are recruited by MDC1 to DSBs through a direct interaction with MDC1 (17-23, 36 -38) , we asked whether RNF8 may possibly associate with MRN. Co-immunoprecipitation (co-IP) showed that FLAG-RNF8 interacts with Myctagged Nbs1, Mre11, or Rad50 when they were expressed in 293T cells ( Fig. 1A ), suggesting that RNF8 interacts with the MRN complex. However, these results cannot distinguish which component of MRN interacts with RNF8, because overexpressed Myc-Nbs1, Myc-Mre11, or Myc-Rad50 can form a complex with endogenous counterparts. When Nbs1 and RNF8 were co-expressed in insect cells, their interaction was also observed (supplemental Fig. 1 ). We then purified Nbs1 and the Mre11-Rad50 complex from insect cells and showed that purified Nbs1 but not Mre11-Rad50 interacts with RNF8 ( Fig. 1B) . These data suggest that RNF8 binds to MRN through a direct interaction with Nbs1.
To examine whether the Nbs1 and RNF8 interaction is regulated upon DNA damage, we performed co-IP of RNF8 and MRN before and after IR. Neither overexpressed MRN nor endogenous MRN showed a difference in association with RNF8 before and after IR in 293T cells and U2OS cells ( Fig. 1 , C and D) (data not shown). These data suggest that MRN interacts with RNF8 in the absence of DNA damage and that IRinduced damage does not significantly regulate their interactions. These data also suggest that MRN and RNF8 can interact before they are recruited by MDC1 to DSBs. This is further supported by the observation that the FHA mutant of RNF8, RNF8-R42A, defective in binding to MDC1 at ATM phosphorylation sites (17, 36 -38) , does not show a difference in its interaction with Nbs1 ( Fig. 1E ).
Nbs1 Is Ubiquitinated by RNF8-The direct interaction of Nbs1 with RNF8 prompted us to investigate whether Nbs1 is ubiquitinated by RNF8. Ubiquitination of Nbs1 was readily detected before and after DNA damage ( Fig. 2A) , which is dif-
The MRN complex interacts with RNF8 through Nbs1. A, 293T cells were transfected with FLAG-RNF8 and Myc-Nbs1 or Myc-Mre11 (left) or FLAG-RNF8 and Myc-Rad50 (right). 48 h after transfection, whole cell lysates were collected and immunoprecipitated with anti-Myc antibody, followed by immunoblotting. B, purified Nbs1 (left) or purified Mre11-Rad50 complex (right) proteins were incubated with GST-RNF8 coupled to glutathione-agarose beads and probed with antibodies as indicated. C, 293T cells were co-transfected with FLAG-RNF8 and Myc-tagged Mre11, Rad50, and Nbs1 (MRN). Transfected cells were treated with 10 Gy of IR. 1 h later, whole cell lysates were collected for imunoprecipitation with anti-Myc antibody and probed with antibodies as indicated. D, 293T cells were treated with 10 Gy of IR, and 1 h later, whole cell lysates were collected for immunoprecipitation with anti-RNF8 antibody or control rabbit anti-mouse IgG (R␣M). Immunoblotting was performed using anti-Nbs1, anti-Mre11, and anti-RNF8 antibodies. E, 293T cells were transfected with Myc-Nbs1 and FLAG-RNF8 WT, FLAG-RNF8-R42A FHA mutant, or mock (Ϫ). Whole cell lysates were immunoprecipitated with anti-Myc antibody, and immunoblotting was performed. FIGURE 2. Nbs1 is ubiquitinated by RNF8. A, in vivo ubiquitination assay of 293T cells transfected with HA-Ub and Myc-Nbs1 and treated with or without 10 Gy of IR. After a 1-h recovery, cells were lysed and immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was probed with anti-HA antibody. B, in vivo ubiquitination assay of 293T cells transfected with HA-Ub and Myc-Nbs1 WT, K686A/K690A mutant (KK), or mock (Ϫ). Cells were lysed and subjected to immunoprecipitation with anti-Myc antibody. Ubiquitinated Nbs1 was probed with anti-HA antibody. C, left, in vivo ubiquitination assay. U2OS cells were transfected with Myc-Nbs1 and HA-ubiquitin, followed by retroviral infection of RNF8 shRNA. 40 h later, cells were treated with or without 10 Gy of IR. After a 1-h recovery, cells were lysed, immunoprecipitated with anti-Myc antibody, and then probed with anti-HA antibody for ubiquitinated Nbs1. Right, Western blot shows silencing of endogenous RNF8 by shRNAs (*, nonspecific band), with Ku70 used as a loading control. D, in vitro ubiquitination assay. Recombinant Nbs1 protein was purified from Sf9 cells and added in combination with Ub machinery components (HA-Ub, E1, UbcH5C, Ubc13, and RNF8 as indicated). After a 1-h incubation, samples were boiled in SDS sample buffer and subjected to immunoblotting with anti-HA antibody to show ubiquitinated Nbs1. E, in vitro ubiquitination assay. Recombinant Nbs1 protein was added in combination with Ub machinery components (HA-ubiquitin, E1, UbcH5C, and RNF8-WT or RNF8-C403S as indicated). After a 1-h incubation, samples were boiled in SDS sample buffer and subjected to immunoblotting with anti-HA antibody for revealing Nbs1 ubiquitination. F, in vivo ubiquitination assay of 293T cells transfected with Myc-Nbs1 and HA-ubiquitin (WT, K6R, K48R, or K63R mutant) plasmids. Cells were lysed and immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was shown by anti-HA immunoblotting. IB, immunoblot. DECEMBER 21, 2012 • VOLUME 287 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 43987 ferent from the previous report that Nbs1 ubiquitination is triggered by IR treatment (57) . The Nbs1-K686A/K690A (KK) mutant, which was defective in binding with Mre11 (48), is as effectively ubiquitinated as wild-type Nbs1 (Fig. 2B ), suggesting that formation of the MRN complex is not necessarily required for RNF8 to ubiquitinate Nbs1.
RNF8 Interacts with and Ubiquitinates Nbs1
To show whether RNF8 contributes to Nbs1 ubiquitination, we examined Nbs1 ubiquitination with or without suppression of RNF8 by shRNA. Nbs1 ubiquitination was significantly reduced before and after IR when RNF8 was depleted ( Fig. 2C ), suggesting that RNF8 is involved in ubiquitination of Nbs1. In vitro ubiquitination using purified proteins further confirmed that Nbs1 is a substrate of RNF8 (Fig. 2D ). Consistent with this, the RNF8 RING domain mutant RNF8-C403S was defective in Nbs1 ubiquitination ( Fig. 2E) . Interestingly, we observed that Nbs1 ubiquitination was much stronger in the presence of E2 UbcH5C than with Ubc13 ( Fig. 2D) . To identify the ubiquitin linkage of Nbs1 ubiquitination, we examined different types of ubiquitin mutants (K6R, K48R, and K63R). Expression of HA-Ub K6R but not K48R or K63R reduced Nbs1 ubiquitination ( Fig. 2F ), suggesting that Lys-6-linked ubiquitin chain formation is one of the major types of Nbs1 ubiquitination. UbcH5C has been shown to support formation of Lys-6 ubiquitin linkages catalyzed by BRCA1-BARD1 (29) . Collectively, these data suggest that RNF8 promotes ubiquitination of Nbs1, likely with E2 UbcH5C.
RNF8-mediated Ubiquitination of MRN Is Independent of MDC1-We showed that the RNF8 FHA mutant RNF8-R42A defective in MDC1 binding interacts normally with Nbs1 ( Fig.  1E ), suggesting that the interaction of RNF8 with MDC1 is not required for the Nbs1 and RNF8 interaction, which can occur before Nbs1 is recruited to DSB-surrounding areas by MDC1. We further showed that the RNF8-R42A mutant effectively ubiquitinated Nbs1 as wild-type RNF8 (Fig. 3A) . In addition, ubiquitination of Nbs1 was not changed when the expression of MDC1 or H2AX was suppressed (Fig. 3B) . These studies suggest that ubiquitination of Nbs1 by RNF8 can occur without the recruitment of Nbs1 and RNF8 by MDC1 to DSB-flanking regions upon H2AX phosphorylation.
To identify which regions of RNF8 mediate its interaction with Nbs1, we deleted either or both the N terminus and C terminus of RNF8. The N-terminal deletion mutant RNF8(148 -485) and the N-and C-terminal double deletion mutant RNF8(148 -400) failed to bind to Nbs1, whereas deletion of the C terminus of RNF8 (RNF8(1-400)) did not change the binding with Nbs1 (Fig. 3C) . These studies suggest that the interaction of RNF8 with Nbs1 is mediated by the N terminus of RNF8.
Nbs1 Lys-435 Is a Key Residue Ubiquitinated by RNF8-To identify which residues of Nbs1 are ubiquitinated by RNF8, we performed mass spectrometry analysis on Nbs1 recovered from the RNF8-mediated in vitro ubiquitination assays. Nbs1 peptides containing ubiquitinated Lys-435 and Lys-502 were recovered (Fig. 4A ). To examine whether these two sites are indeed ubiquitinated in vivo, we generated and expressed Nbs1-K435R, -K502R, and -K435R/K502R mutants in 293T cells and showed that Nbs1 ubiquitination was significantly reduced in the Nbs1-K435R mutant, with a minor reduction in the Nbs1-K502R mutant (Fig. 4B) . Combining K435R and K502R mutations further reduced the level of Nbs1 ubiquitination. In vitro ubiquitination assays using purified proteins further confirmed that mutating Lys-435 on Nbs1 impaired RNF8mediated ubiquitination of Nbs1 (Fig. 4C) . These studies suggest that Nbs1 Lys-435 is a key residue ubiquitinated by RNF8. We utilized laser microirradiation to generate DSBs (52) and performed live-cell, time-lapse imaging to monitor EGFP-Nbs1 recruitment to the damage sites. Although it was described that Nbs1 is recruited to DSBs when RNF8 is deficient (17) , our quantitative analysis revealed that Nbs1 localization to DSBs was reduced even at the early times after laser treatment when endogenous RNF8 was silenced by stably expressing RNF8 shRNAs marked by EBFP (Fig. 5A ). This suggests that RNF8 may promote and/or stabilize the recruitment of Nbs1 to DSBs. Inactivation of Mre11 or Nbs1 also significantly reduced RNF8 recruitment to DSBs (supplemental Fig. 2) , which is probably due to impaired ATM activation in Mre11-or Nbs1-deficient cells causing impaired H2AX phosphorylation and recruitment of RNF8 and MDC1 to chromatin-flanking DSB regions (15) .
We then examined Nbs1 recruitment in the context of RNF8 mutants. U2OS cells were stably expressed with shRNA-resistant FLAG-tagged RNF8 wild-type (WT) or the RING domain point mutant (C403S), impaired in its ubiquitination function, and endogenous RNF8 was depleted by shRNAs (RNF8sh). Upon laser-induced microirradiation, Nbs1 recruitment was decreased in cells expressing the RNF8 RING mutant C403S, compared with cells reconstituted with RNF8-WT ( Fig. 5B ), suggesting that the ubiquitination activity of RNF8 is important for efficient recruitment of Nbs1 to DSBs.
We showed that deletion of the C terminus of RNF8 (deletion of amino acids 401-485) did not influence the interaction of Nbs1 with RNF8 ( Fig. 3C ). Because this deletion still contains the RING domain of RNF8, this result suggests that the ubiquitination activity of RNF8 is not required for regulating the Nbs1 and RNF8 interaction. Thus, impaired Nbs1 recruitment to DSBs in the presence of RNF8 RING mutant is not due to modulation of Nbs1 and RNF8 interactions by RNF8-mediated ubiquitination of Nbs1.
RNF8 is recruited to DSBs by MDC1 through the binding of its FHA domain with MDC1 (17, 36 -38) . Because the interaction of Nbs1 with RNF8 and the ubiquitination of Nbs1 by RNF8 can occur before DNA damage, we asked whether the physical presence of RNF8 at DSB-flanking sites is needed for Nbs1 recruitment. We monitored Nbs1 recruitment to DSBs in the RNF8-R42A FHA mutant cells with endogenous RNF8 silenced by RNF8sh. Nbs1 recruitment to DSBs was reduced in the RNF8-R42A FHA mutant cells compared with wild-type RNF8 cells (Fig. 5C ). These data suggest that the recruitment of RNF8 to DSB-flanking sites is important for stable binding of Nbs1 to DSBs. Therefore, although the interaction of Nbs1 with RNF8 and ubiquitination of Nbs1 by RNF8 occur at similar levels before and after DNA damage, stable binding of Nbs1 to chromosomal DSBs may require the Nbs1 and RNF8 interaction and active ubiquitination of Nbs1 by RNF8 at DSB-surrounding regions.
RNF8-mediated Ubiquitination of Nbs1 Is Important for Efficient Recruitment of Nbs1 to DSBs-Because the ubiquitination activity of RNF8 is important for efficient recruitment of Nbs1 to DSBs, we asked whether RNF8-mediated Nbs1 ubiquitination is important for Nbs1 DSB recruitment. Interestingly, the recruitment of Nbs1 ubiquitination mutants Nbs1-K435R and Nbs1-K435R/K502R was decreased, as compared to Nbs1-WT (Fig. 6A) . The recruitment of Mre11 to DSBs is also defective in d.) . B, in vivo ubiquitination assay of 293T cells transfected with HA-ubiquitin and Myc-tagged Nbs1 (WT, K435R/K502R, K435R, or K502R) plasmids. Cells were lysed and immunoprecipitated with anti-Myc antibody. Ubiquitinated Nbs1 was detected by anti-HA immunoblotting. C, in vitro ubiquitination assay. Recombinant Nbs1 (WT or K435R) proteins were purified from Sf9 cells and added in combination with Ub machinery components (HA-ubiquitin, E1, UbcH5C, and RNF8). After a 1-h incubation, samples were boiled in SDS sample buffer and subjected to immunoblotting with anti-HA antibody. Ubiquitinated Nbs1 was probed as indicated. IB, immunoblot. DECEMBER 21, 2012 • VOLUME 287 • NUMBER 52
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the Nbs1-K435R and Nbs1-K435R/K502R mutants (supplemental Fig. 3 ). This suggests that RNF8-mediated Nbs1 ubiquitination is important for promoting MRN recruitment at DSBs.
To understand how Nbs1 ubiquitination may contribute to Nbs1 recruitment to DSBs, we examined whether Nbs1 ubiquitination by RNF8 changes the interaction of Nbs1 with MDC1. Myc-tagged Nbs1 and HA-tagged MDC1 were co-expressed in 293T cells, and co-immunoprecipitation revealed that the interaction of Nbs1 with MDC1 was not changed when Lys-435 or Lys-435 and Lys-502 were mutated (Fig. 6B) . These data suggest that RNF8-mediated ubiquitination of Nbs1 is not involved in the regulation of the interaction of Nbs1 with MDC1. Thus, the recruitment defects of Nbs1 ubiquitination mutants are not caused by the modulation of Nbs1 with MDC1 interaction.
RNF8-mediated Ubiquitination of Nbs1 Is Important for HR-It has been shown that MRN is important for both HR and MMEJ (7) (8) (9) 58) . Whereas HR requires extensive end resection, MMEJ only needs limited end resection at DSBs. We utilized EGFP-based repair assays for HR and MMEJ, as described previously (11) (supplemental Fig. 4 ). U2OS cells with a single integrated copy of the HR or MMEJ repair substrate were silenced for endogenous RNF8 by shRNA. I-SceI was induced by retroviral infection, followed by FACS analysis of EGFP-positive events to assay for DSB repair by HR or MMEJ (Fig. 7A ). Interestingly, different from the MRN complex, when the RNF8 expression was suppressed by shRNA, HR was impaired, but MMEJ was not reduced but rather increased. These data suggest that RNF8 is important for HR but dispensable for MMEJ. Increased MMEJ is either due to the fact that MMEJ is used as an alternative repair pathway when HR is deficient or that RNF8 plays a role in suppressing MMEJ.
We then examined the RNF8 FHA domain mutant RNF8-R42A and FHA deletion mutant (RNF8-FHAdel) in the HR repair assay. I-SceI expression was induced in U2OS cells carrying the HR repair substrate stably expressing FLAG-tagged RNF8 WT or the R42A and FHAdel mutants with endogenous RNF8 silenced by shRNAs. HR frequency was decreased in cells reconstituted with RNF8-R42A or RNF8-FHAdel mutants, as compared with RNF8-WT (Fig. 7B) . These data suggest that the RNF8 FHA domain, possibly through mediating RNF8 recruitment to DSBs by MDC1, is important for HR.
To further explore how RNF8-mediated ubiquitination of Nbs1 is involved in DSB repair, we examined the Nbs1 ubiquitination mutants K435R and K435R/K502R in the HR assay. I-SceI was expressed in U2OS cells carrying the HR repair assay substrates and stably expressing Nbs1-Myc WT or ubiquitination mutants, with endogenous Nbs1 silenced by shRNA. The HR frequency was decreased in cells expressing Nbs1 ubiquitination mutants (Fig. 7C) . Thus, RNF8-mediated ubiquitination of Nbs1 is important for MRN function in HR. We also found that IR-induced RPA foci formation was reduced in the Nbs1-K435R and Nbs1-K435R/K502R mutants (supplemental Fig. 5 ), 
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DISCUSSION
Accumulating evidence suggests a critical role of ubiquitination in mediating DNA damage responses (25, 59) . Upon DNA damage, MDC1 is recruited to DSBs by ␥H2AX through a direct interaction of its BRCT domains with ␥H2AX (16). Both RNF8 and Nbs1 interact with MDC1, and such interactions are important for RNF8 and Nbs1 to be recruited to DSB-flanking regions (17-23, 36 -38) . By co-immunoprecipitation, we dem-onstrate that RNF8 interacts with MRN, and this interaction remains at similar levels before and after DNA damage. By using purified Nbs1, Mre11, and Rad50, we showed that RNF8 directly interacts with Nbs1 through the N terminus of RNF8. Because the interactions of RNF8 and Nbs1 remain at similar levels before and after DNA damage, the recruitment of RNF8 A, U2OS cells were stably integrated with EGFP-based repair substrates for HR and MMEJ (described previously (11) ) and stably expressing shRNAs against RNF8 or control. I-SceI was induced by retroviral infection, and 7 days later, cells were collected for FACS analysis of EGFP-positive cells. The immunoblot shows silencing of RNF8 (*, nonspecific band), with Ku70 used as a loading control. B, U2OS cells carrying HR repair substrate were stably expressed with FLAG-RNF8 WT or the indicated mutants, with endogenous RNF8 silenced by RNF8sh. I-SceI was induced and FACS analysis was performed. Immunoblot shows expression of RNF8 variants, with Ku70 used as a loading control. C, U2OS cells carrying HR repair substrate were stably expressed with Nbs1-Myc WT or the indicated mutants, with endogenous Nbs1 silenced by Nbs1sh. I-SceI was induced, and FACS analysis was performed. Immunoblot shows expression of Nbs1 variants, with Ku70 used as a loading control. Error bars, S.D. DECEMBER 21, 2012 • VOLUME 287 • NUMBER 52
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and Nbs1 by MDC1 to DSBs upon DNA damage is not necessarily required for establishing the Nbs1 and RNF8 interaction. Consistently, the interaction of Nbs1 and RNF8 is not changed in the RNF8 FHA mutant R42A (Fig. 1E ), which is defective in binding to MDC1 and being recruited to DSBs (17, 36 -38) . Thus, RNF8 is associated with MRN constitutively before and after MRN is recruited to DSBs.
We further demonstrate that Nbs1 is ubiquitinated by RNF8. During the preparation of this manuscript, damage-induced Nbs1 ubiquitination by Skp2 was reported (57) . However, different from the published data, we observed similar ubiquitination levels of Nbs1 before and after DNA damage in multiple cell lines. When RNF8 expression is suppressed by shRNAs, Nbs1 ubiquitination is reduced in vivo. Furthermore, in vitro ubiquitination assays showed that RNF8 but not its RING domain mutant can directly ubiquitinate Nbs1, suggesting that Nbs1 is a direct substrate of RNF8 for ubiquitination. By performing mass spectrometry analysis, we identified two new ubiquitination sites, Lys-435 and Lys-502, on Nbs1. Mutating Lys-435 significantly reduces Nbs1 ubiquitination, whereas mutating Lys-502 only has a minor effect. These data suggest that Lys-435 is a key site for Nbs1 ubiquitination. In vitro analysis showed that the Nbs1-K435R mutant is defective in RNF8mediated ubiquitination, indicating that Lys-435 is an important site ubiquitinated by RNF8. Constitutive ubiquitination of Nbs1 detected before and after DNA damage is consistent with the observation that the interaction of RNF8 and Nbs1 is not changed in response to DNA damage.
Various E2s have been shown to interact with RNF8 to promote ubiquitination (31) (32) (33) (34) (35) 59) . RNF8 interacts with Ubc13 to ubiquitinate H2A and H2AX at DSB sites (17, 36) . By using in vitro ubiquitination assays, we found that UbcH5C exhibits much stronger activity than Ubc13 to promote RNF8-mediated ubiquitination of Nbs1, mainly through Lys-6-linked polyubiquitination. Both Lys-6-and Lys-63-based ubiquitination have been reported to be present at the DNA damage sites (40) . BRCA1-BARD1 promotes Lys-6-based polyubiquitination by interacting with UbcH5C (29) . Recent studies also reveal a critical function of RNF8 in promoting Lys-48-based polyubiquitination of Ku80 and Chk2 to regulate NHEJ and the checkpoint response (32) . Thus, RNF8 functions with different E2s to mediate ubiquitination of multiple key players in the DNA damage response cascade to regulate DSB repair and checkpoint control.
MRN plays a critical role in DNA DSB repair and is required for both HR and MMEJ (7-9, 58, 60) . Interestingly, we found that although RNF8 is needed for HR, it is dispensable for MMEJ, suggesting that MRN carries out certain DSB repair functions independent of RNF8. It also suggests an important role of RNF8 to promote error-free HR activity but not MMEJ, which is often associated with genome instability.
Although Nbs1 is still recruited to DSBs when RNF8 is defective (17) , our quantitative analysis revealed that the abundance of Nbs1 recruited to DSBs is significantly reduced when RNF8 expression is suppressed or when the ubiquitination activity of RNF8 is impaired. This suggests that RNF8 and certain RNF8mediated ubiquitination events are required for efficient recruitment of Nbs1 to DSBs.
By using Nbs1-K435R, we showed that RNF8-mediated ubiquitination of Nbs1 is important for efficient recruitment and stable association of Nbs1 with DSBs. Currently, it is not clear how RNF8-mediated ubiquitination of Nbs1 modulates Nbs1 associations with DSBs. Because deleting the C terminus of RNF8, including the RING domain, does not influence the interaction of RNF8 with Nbs1, RNF8-mediated ubiquitination of Nbs1 seems not to affect the interaction of Nbs1 with RNF8. We also showed that the K435R/K502R ubiquitination-defective Nbs1 mutant interacts with MDC1 at similar levels as wildtype RNF8. These data suggest that defective binding of Nbs1 ubiquitination mutants to DSBs is not caused by impaired interactions of Nbs1 with RNF8 or with MDC1.
We further showed that Nbs1 recruitment to DSBs is compromised in cells expressing the RNF8 FHA mutant, which is defective in localizing to DSBs due to loss of interaction with MDC1 (17, 36 -38) . Thus, the presence of RNF8 at DSB-flanking sites is needed for stable interaction of Nbs1 with DBSs. Two possible mechanisms may be involved. First, although Nbs1 interacts with RNF8 before and after DNA damage, such interactions at DSB sites may be important for stabilizing Nbs1 binding to DSB-flanking sites. Second, Nbs1 ubiquitination may be a dynamic process balanced by ubiquitination and deubiquitination activities. Thus, the presence of RNF8 at DSBs after DNA damage may be needed for maintaining sufficient levels of ubiquitinated Nbs1 at DSBs, although Nbs1 can be ubiquitinated by RNF8 before recruitment to DSBs. Ubiquitinated Nbs1 at DSBs is required for promoting stable Nbs1 interactions with DSBs.
How does ubiquitinated Nbs1 support more stable interactions of Nbs1 with chromosomal DSBs? One possibility is that ubiquitination modifications of Nbs1 at sites such as Lys-435 and Lys-502 may be recognized by certain damage-responsive proteins containing ubiquitin-binding domains (61, 62) . When these ubiquitin-binding domain proteins are localized to DSBs upon DNA damage, they recruit more Nbs1 with them through binding to ubiquitinated Nbs1. Alternatively, ubiquitin-binding domain proteins present at DSBs may stabilize and strengthen the interaction of ubiquitinated Nbs1 with DSBflanking chromatin regions through their binding with ubiquitinated Nbs1.
It was also described that Nbs1 is ubiquitinated by Skp2 at the C terminus of Nbs1 (sites Lys-735 and Lys-751) to promote ATM activation (57) . Our studies reveal an independent pathway of Nbs1 ubiquitination by RNF8 at Lys-435 to regulate Nbs1 recruitment to DSBs. Both of these ubiquitination mechanisms are important for HR-mediated DSB repair. Thus, Nbs1 is ubiquitinated by different pathways to modulate its function in DSB repair and checkpoint activation. Multiple levels of Nbs1 ubiquitination may contribute to the regulation of different steps of HR-mediated DSB repair, leading to more efficient and precise regulation of DSB repair in response to cellular damaging signals.
In summary, our study reveals a novel interaction of Nbs1 with RNF8 and suggests a new mechanism underlying Nbs1 ubiquitination by the RNF8 pathway to promote DSB repair through HR. These studies further help our understanding of
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